V iewed dispassionately, the cardiac loop seems an unconventional, even an odd, evolutionary adaptation. The ventricular U-turn loop, which occurs in all reptiles, mammals, and birds, forces blood to travel back on itself with a 180°turn between the atrioventricular and the semilunar valves. This U-turn arrangement is prone to fail, because of relatively small anatomic perturbations that cause left ventricular outflow tract (LVOT) obstruction attributable to systolic anterior motion (SAM) and mitral septal contact. [1] [2] [3] [4] [5] In the course of caring for patients with obstructive hypertrophic cardiomyopathy (HCM), we have often wondered about the origin of the ventricular U-turn loop, whose "failure" is the cause of LVOT pressure gradients and severe symptoms. We review (1) the clinical scenarios of LVOT obstruction and their similarities; (2) as clues to the origin of the ventricular U-turn loop, we review how it emerges in the developing embryo and when the loop appears in vertebrate evolution; (3) although by its nature a conjectural endeavor because of its remote beginnings, we propose that the ventricular U-turn loop may add to the pumping efficiency of the heart of lungbreathing vertebrates, and propose that this may explain why the loop has emerged because of evolutionary pressures. A nuanced understanding of how failure of the loop may emerge, and how its failure causes LVOT obstruction, should promote better treatments. These concepts particularly pertain to optimal septal reduction therapy when it is clinically indicated.
"Loop Failure": Clinical Scenarios of LVOT Obstruction
Ventricular U-turn looping in susceptible individuals causes a crucial overlap of the inflow and outflow portions of the left ventricle (LV), resulting in SAM, LVOT obstruction, and secondary mitral regurgitation [2] [3] [4] [5] (Figure 1 through 3) . In these patients, circumstances that decrease the size of the LV cavity, such as dehydration, standing, eating, or Valsalva maneuver, increase the overlap and may increase obstruction. The most commonly observed clinical scenario is in obstructive HCM. Interventricular septal thickening, anterior positioning of the mitral apparatus, and leaflet elongation render patients susceptible to the crucial overlap, and thus to SAM.
Outflow obstruction results in high intraventricular pressures, cardiac work, and supply-demand myocardial ischemia; these lead to heart failure symptoms, exercise intolerance, ischemic chest pain, and syncope. Dynamic SAM causes mitral insufficiency. Moreover, LVOT obstruction is associated with premature mortality. 6 Thus, the clinician caring for patients with obstructive HCM is confronted daily with a "failing" of the ventricular U-turn loop. 7 Current thinking holds that flow drag, the pushing force of flow, is the dominant hydrodynamic force that causes SAM. [1] [2] [3] [4] [5] 8, 9 The anatomic perturbations that predispose to SAM are frequently caused by mutations coding for sarcomeric proteins. 8 The thickened septum redirects ejection flow so that it comes from relatively posterior and lateral direction in the LV. Frequently, elongated mitral leaflets occur that protrude into the outflow tract, where ejection flow catches them from behind and sweeps them into the septum (Figure 3 ). The recently developed echocardiographic technique, vector flow mapping, visualizes the interaction of early systolic flow and the mitral valve. Ro et al 3 observed color flow and velocity vector flow posterior to the mitral leaflets, impacting them in the early systolic frames of 95% of obstructive HCM, 22% of nonobstructive HCM, and 11% of normal patients. The average overlap was 8.3 mm posterior to coaptation in individuals with obstructive HCM, compared with À0.7 mm in normal subjects. 3 Patients who are resistant to pharmacologic therapy are referred for septal reduction. Its history began with the limited myectomy developed in the 1960s, and it was refined by extending it further down into the LV to the level of the papillary muscles and releasing the anterolateral muscle from the anterior wall. This modification explicitly separates the inflow and outflow portions of the LV and allows ejection flow to escape without catching the mitral leaflets. [9] [10] [11] [12] The change in surgical technique, which Messmer indicated was promoted by a revised "overlap" understanding of the pathophysiological characteristics of SAM, 11 has improved surgical outcomes. Ancillary procedures performed at myectomy release the papillary muscles or transect thickened, fibrotic secondary chordae, allowing the valve to drop posteriorly in the LV. Others directly address the residual leaflet of the anterior mitral leaflet by excision or plication. 13 The alternative widely applied procedure, septal thinning with alcohol ablation, also separates the 2 portions of the ventricle.
However, there are other conditions that cause SAM and LVOT obstruction besides obstructive HCM. Certain symptomatic patients may develop LVOT obstruction at rest or after exercise even in the absence of LV thickening; these patients have mitral valve abnormalities that are the substrate for their SAM. 14 Mid-LV obstruction from muscular systolic apposition of the walls is not caused by an overlap of the inflow and outflow portions of the LV and thus not loop failure, as we have characterized it herein.
Other causes of LV thickening can cause SAM and symptomatic LVOT obstruction. Both amyloidosis and Fabry disease can mimic obstructive HCM. 15, 16 The salient point is that the morphologic features of loop failure that predispose to SAM are not exclusive to HCM. Any condition that produces overlap of the mitral valve and LV outflow can cause SAM, provided that there is slack in the mitral leaflets. [2] [3] [4] [5] After mitral valve repair to relieve severe mitral regurgitation caused by another condition, myxomatous degeneration, patients may develop SAM, a surgical complication. This is attributable to anterior position of the mitral leaflets causing a postoperative overlap between the valve and ejection. 17 Therefore, efforts are made to ensure that the mitral coaptation plane is posterior instead of anterior in the LV.
After an emerging technique not yet ready for clinical use, transcatheter mitral valve replacement, the new mitral annular ring may displace the anterior leaflet of the residual native mitral valve into the outflow tract, causing SAM and disastrous LVOT obstruction. Novel strategies have been developed to avoid this complication.
In congenital heart disease, SAM and LVOT obstruction can occur in d-looped transposition of the great arteries and congenitally corrected transposition of the great arteries, when overlap between the mitral valve and LV outflow occur. The inverted role of ventricles displaces the septum posteriorly. In congenitally corrected transposition of the great arteries, SAM has occurred in the venous LV when a severely dilated systemic right ventricle deviates the septum toward the subpulmonary mitral apparatus. 
Ventricular U-Turn Loop Formation in Higher Vertebrate Embryos: The Phases of Development
The basic design of the ventricular U-turn loop evolves from the initially straight embryonic heart tube during a process called "cardiac looping" or "ventricular looping." Subsequent to looping morphogenesis, the basic design of the LV U-turn loop of the developing hearts of avian and mammalian species is modified in a ventricle-specific manner by the formation of the interventricular septum and by a process called "wedging." Wedging brings the developing aortic root into its mature "wedged" position between the tricuspid and mitral valves and, thereby, sets the scene for the development of fibrous continuity between the aortic and mitral valves. 18 Manner, elaborating on earlier work of Patten, Taber, and others, described 3 sequential phases of ventricular looping in higher vertebrate embryos: (1) dextral or C-looping, (2) early S-looping, and (3) late S-looping. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The early embryonic heart has the form of a straight tube harbored within the primitive pericardial cavity and aligned along the craniocaudal body axis. It has a venous pole at its caudal end and an arterial pole at its cranial end. During the phase of dextral Clooping, the ventricular portion of the initially straight embryonic heart tube becomes deformed into a coiled ventricular loop, the form of which is usually described as being C-shaped. The convexity of the "C" normally points to the right (dextral) side of the body. The normal loop, therefore, is usually classified as a right-handed loop or D-(dextral)-loop. C-looping mainly results from 2 biomechanical processes: (1) bending toward the original ventral surface of the ventricular tube and (2) rightward torsion.
The S-Loop: Ascent of the Atria, Growth-Induced Buckling, and Intrinsic Bending
During the subsequent phases of S-looping, the tubular embryonic heart becomes deformed into a looped tube of more complex helical shape, the form of which is usually described in a simplified way as being S-shaped. 19, 29 With respect to the emergence of the ventricular U-turn loop, 2 processes are of main importance: (1) shortening of the distance between the arterial and venous ends of the heart and (2) shifting of the developing atria from their original position caudal to the ventricles into their final position craniodorsal to the ventricles ("ascent of the atria"). It is the ascent of the atria that establishes the final 180°(U-turn) ventricular loop found in higher vertebrates. A diagram of the cardiac loop showing the craniodorsal ascent of the atria is shown in Figure 4 , and the electron micrographs are shown in Figure 5 . 21, 30 The morphogenetic process of cardiac looping does not only occur in higher vertebrate embryos. It also occurs in fish embryos. Compared with higher vertebrates, however, the extent of the atrial ascent during S-looping is less in fish embryos. S-looping of the embryonic fish heart places the atrium dorsal to the ventricle and thereby produces only a 90°t urn of the ventricular flow path. 31 Contemporary mechanistic hypotheses attribute the helical deformations of the tubular embryonic heart to forces inside and outside the heart. This is a modern iteration of an old hypothesis that has been termed the "growthinduced buckling hypothesis." 19, 29, 32 It is posited that the lengthening embryonic heart becomes too long to be encompassed by the primordial pericardial sack. The length of the fully looped embryonic chick heart is 3.4 times longer than the craniocaudal length of the pericardial sack; the human embryonic heart loop is 2 times longer. The bends permit the enlarging heart to stay intrapericardial. In elastic tube models, elongation of a linear tube within a fixed containment, subjected to axial compressive forces, is deformed in a helical manner, or "buckling." 19, 26, 28, 33, 34 In addition to growth-induced buckling, bending of the heart tube is also driven by internal biomechanical forces. Intrinsic bending as well as the elongation of the developing heart tube are under the control of various heartexpressed genes, as indicated by the occurrence of cardiac looping defects in several genetically modified model organisms. 31, 35 Besides Compact Packing, Is There Functional Advantage From the Loop?
On a granular level, different mechanisms are proposed for the sequence of bends and twists that are observed, but their evolutionary advantage has not been completely explored. Although the mechanics of the helical structure are yielding their secrets to molecular biology and thoughtful experimentation, the question remains: why bend at all? Romer wrote: "But during development, the anterior part of the heart tube tends to fold back ventrally (and somewhat to the right) in an S-shaped curve, thus combining length with compact structure," 36 suggesting an advantage of compact structure that would fit in the pericardium. But, the pericardium could have continued to grow in length to accommodate a straight tubular heart. The evolution of the vertebrate heart has been reviewed with an eye toward its successful adaptations 37 ; however, there is limited discussion about what selective advantage atrial ascent and the 180°loop might provide. 38 In a recent study, physical models were used to test the physical plausibility of the hypothesis that looping morphogenesis may improve the efficiency of valveless pumping, such as that found in the early embryonic heart tube. In periodically compressed tubular vessels simulating the early embryonic heart tube, a looped tube configuration generated higher maximum pressure heads and higher average flow rates than a straight tube. 39 This suggested that the ventricular loop might add to the efficiency of blood transport early in development in the embryonic vertebrate heart, and data from zebrafish embryos have shown that failure of cardiac looping is associated with a decrease in the pumping efficiency of the valveless embryonic heart tube. 40, 41 Clues to the selective advantage of the ventricular U-turn loop in the adult vertebrate heart may be deduced by when it evolved during evolution, and how its particular "plumbing" solution may offer a selective advantage to highly active landbased, air-breathing animals. Ascended atria offer advantages to animals subject to the force of gravity.
The Cardiac Loop in Vertebrate Evolution
In lower, water-living and gill-breathing, vertebrates, such as sharks and teleost fish, the heart is a 2-chambered pump with a dorsally-caudally positioned atrial chamber relative to the ventricular chamber, making a roughly 90°turn from the atrioventricular to the semilunar valves. On the cranial end, the aorta flows ventrally and cranially to the gill loops. In terrestrial vertebrates, the cranial disposition of the aorta is preserved, evolved from the gill loops. But there is now cranial ascent of the atrial chambers. 21, 30, 37 It is this atrial ascent, seen in embryonic development during the phase of S-looping, that causes the 180°U-turn, the completed cardiac loop (Figure 4 through 6) .
The ventricular U-turn loop appeared when tetrapods emerged from the sea and became land-living animals, which developed lungs and a double circuit to provide blood oxygenation, as opposed to gills. Thus, low-pressure, lowvelocity oxygenated pulmonary venous return occurs at the same point in evolution as the ascent of the atria.
Evolutionary Pressures and the Development of the Ventricular U-Turn Loop
For both the low-pressure oxygenated pulmonary venous return and the systemic venous return, we propose that the more craniodorsal atrial position provides a favorable hydrostatic position for animals subject to gravity. This topography may be contrasted with the caudal venous terminus of primitive fish, such as the hagfish, whose structure has remained virtually constant for 300 million years. In the water, where these organisms evolved, the effect of gravity on the blood within the circulatory system is small because the gravitational forces are largely canceled out by the hydrostatic pressure outside of the body. In water, the potential increase in pressure with increasing height of the blood column is counteracted by an increased hydrostatic pressure with increasing depth. 42 Land Figure 6 . Ascent of the atria during vertebrate evolution. This diagram depicts the progressive modification of the topographical relationship between the atrial and ventricular chambers during vertebrate evolution from primitive fish (hagfish) to higher vertebrates (birds and mammals). Note that there is progressive ascent of the atria from an initially dorsocaudal to a dorsocranial position. The present work posits that evolution has placed the atria cranial and dorsal to the ventricles to harness the force of gravity to promote passive filling of the ventricles. It is the ascent of the atria that establishes U turn of ventricular flow, the cardiac loops. A indicates atrial chamber; Ao, aorta; BA, bulbus arteriosus; caud, caudal; cran, cranial; dors, dorsal; LA, left atrium; LV, left ventricle; SV, sinus venosus; V, ventricular chamber; vent, ventral.
vertebrates have horizontal or upright torsos, depending generally on whether they are quadrupedal or bipedal. Craniodorsal ascent of the atria places these chambers above the ventricles regardless of whether the animal's torso is horizontal or upright ( Figure 6 ). The craniodorsal atrial position satisfies 3 compelling needs of terrestrial vertebrates, summarized in the following paragraphs.
A Low Pressure System
The pulmonary veins and left atrium must function at low pulmonary venous pressure and velocity to protect the pulmonary capillaries; evolution has provided the low-pressure, low-velocity system to prevent exudation of fluid into the alveoli. The thin pulmonary capillary membranes facilitate oxygen transfer from the alveoli, and the low pressure prevents leakage of interstitial fluid. 37 The frothy bloody secretions of patients with pulmonary edema when pulmonary venous pressure increases bear testimony to evolutionary pressures favoring low pulmonary venous pressure.
Evolution's prevention of this sort of damage can be observed in other species. Snakes provide a living demonstration of how evolutionary adaptations have protected the pulmonary capillary bed from high pressures and gravity, depending on individual habitat. Blood vessels can be thought of as cylindrical tubes filled with fluid. In an upright position, there is a vertical pressure gradient between the top of the tube (low pressure) and the bottom (higher pressure). Thinwalled veins may become distended, and vessels may pool and leak blood. Snakes vary in the length of their lungs, depending on whether they are aquatic, nonclimbing terrestrial, or tree-climbing species. In tree snakes that climb upright, evolution has provided short lungs to decrease the distance of the pulmonary venous gravitational column; evolution has provided shorter lungs to decrease the hydrostatic pressure on the pulmonary capillaries. 43 Sea snakes, in contrast, function well with longer lungs because gravitational hydrostatic pressure gradients within blood vessels are small in the aquatic environment. However, when sea snakes with long lungs are placed in an upright posture out of the water, they develop pulmonary edema because of the long gravitational column between the central pulmonary veins and the bottom of their lungs. This example underscores why, in terrestrial and upright animals, there is a crucial evolutionary pressure for a low pulmonary venous pressure; however, a low-pressure, low-velocity system would not fill the ventricles well if the venous terminus was caudal and dependent.
Harnessing Gravity
Given the obligate requirement of a low pulmonary venous pressure to protect the alveolar capillaries, the benefit of the ascended atria is that they harness gravity to passively fill the ventricles even at low pressure. If the pulmonary venous return was a high-velocity, high-pressure system to fill the ventricles, this would not be an issue. Atrial ascended position promotes gravity-assisted passive filling of the ventricles even at low pressure when the animal is upright during daily activity when evolutionary pressures operate (ie, feeding, fleeing, or fighting). Data examining LV filling in various postures show its dependence on gravity.
Data in the Supine Posture: Gravity Acts Against Pulmonary Venous Acceleration
In the supine dorsal-down position, gravity operates against filling of the left atrium and LV, but this is not a time when a high metabolic rate, high cardiac output, and related evolutionary adaptations are required. In the supine posture, where blood must flow ventrally to fill the heart, gravity acts against pulmonary vein flow acceleration. Flow velocity from the pulmonary veins into the left atrium is provided by the impetus produced by right ventricular contraction and transmitted through the pulmonary capillary bed. 44 Diastolic velocities vary from only 57 to 35 cm/s in 20-to 70-yearold individuals, respectively. 45 In the supine position, acting against gravity, measured diastolic pulmonary venous accelerations range from 3.8 to 2.4 m/s 2 . 45 In contrast, the acceleration of gravity is much higher, 9.8 m/s 2 . The difference in the magnitude of these accelerations is striking. In the supine position, low pulmonary venous flow velocities render ventricular filling vulnerable to the effects of gravity. A caudal posterior terminus of the pulmonary veins would present an even worse "uphill battle" to fill the heart. Active relaxation and ventricular suction occur, but these early diastolic processes require energy; in contrast, in the upright or prone position, gravity promotes more efficient passive ventricular filling and conservation of energy. This offers a selective advantage because ventricular energy efficiency is crucial because of obligate high cardiac energy consumption. 46 
Data in the Upright Posture: Gravity Acts in Concert With Flow Velocity
Evolutionary pressures have positioned the atria of the hearts of lung-breathing vertebrates in a craniodorsal position relative to the ventricles, at the top, rather than at the bottom, of a gravitational well. The craniodorsal position of the left atrium places it above the ventricle, when the torso is horizontal or upright during daily activity when evolutionary pressures are likely to operate, during feeding, fleeing, or fighting. In the upright position, the acceleration of flow from the pulmonary veins and gravity act in concert, not in opposition. The effect of gravity was seen in normal human volunteers in whom transmitral Doppler E-wave velocities varied with position, from head up, to horizontal supine, to head down because of alterations in preload; E velocity was 80, 73, and 66 cm/s, respectively (P=0.001). 47 This variation in preload with tilt shows the dependence of ventricular preload on gravity; fighting gravity would only be aggravated by a caudal location of the atria.
Passive Drainage of the Upper Body
On the systemic venous side, 35% of the systemic venous return comes from the superior vena cava in humans. To the extent that the head is above the heart, this venous blood does not have to fight gravity as it traverses the right atrium and tricuspid valve. Venous return from the legs is pumped back to the heart by the phasic exercise of large muscle contractions that compress the veins and squeeze the blood back to the heart. But this mechanism is not available in the brain; hence, for the brain, there is an advantage of passive drainage, in concert with gravity. With any elevation of the head above the heart, the gravity column extends from the head, through the open tricuspid valve, into the right ventricle, filling it. A caudal position of the atria would be a distinct disadvantage here. Even in a horizontal torso, if the confluence of the vena cavas was in a caudal location, blood returning from the brain and upper torso would have to be pumped or suctioned actively backward from this caudal confluence to the right ventricle. Thus, the advantage of ascent of the right atrium is to avoid circuitous routing of the venous return from the upper body. This circuitous routing would not be an efficient chamber configuration for rapidly ramping up the cardiac output in situations of fight or flight, when selection pressure is greatest.
The vulnerability of the venous return to the effect of gravity is highlighted by the difference in complications between the Glenn and Fontan shunt procedures. Both procedures are used to palliate single-ventricle physiological characteristics by connecting the superior or both cavas, respectively, directly to the pulmonary artery, bypassing the atrial and ventricular pumps. As such, both shunts are passive conduits. Both shunts are subject to congestion if left atrial or pulmonary pressure increases (eg, because of atrial tachyarrhythmia, LV dysfunction, or increased pulmonary vascular resistance). However, complications are less frequent in the Glenn procedure because gravity promotes passive drainage from the upper body. In contrast, patients undergoing the Fontan procedure are prone to edema, lymphedema, protein-losing enteropathy, and cirrhosis because venous return must overcome gravity all the way back to the pulmonary artery. 48 
Microgravity
The importance of this passive drainage mechanism is underscored by the intracranial hypertension observed in astronauts subjected to microgravity. 49 Microgravity eliminates the hydrostatic gravitational gradients in the vascular system. 50 The puffy face and thinned legs ("puffy face, chicken leg syndrome") that are observed in astronauts are a direct effect of microgravity caused by a redistribution of fluid from the legs to the upper torso. Astronauts may also experience changes in visual acuity associated with choroidal folds, retinal nerve fiber layer thickening, hyperopic shifts, cotton wool spots, and optic disc edema: the magnetic resonance imaging spectrum of intraorbital and intracranial findings is similar to those in idiopathic intracranial hypertension. 49 The causal factor is cephalad fluid shifts, resulting from a loss of hydrostatic gradients on the lower extremity venous system, manifest as facial congestion, and thought to increase intracranial pressure.
In microgravity, despite a decrease in blood volume, there is a marked 40% dilatation of internal jugular vein crosssectional area. Loss of hydrostatic pressure from gravity and redistribution of the blood volume result in cephalic and thoracic blood stagnation and even spontaneous internal jugular thrombosis. 51, 52, 53 Despite the distinct plethora of the upper body, transmitral Doppler E-wave velocity decreased during spaceflight, compared with values obtained on the ground before the flight, 50 from an average of 76 to 59 cm/s. Microgravity decreases transmitral flow velocities. The converse holds: on terra firma, as described above, with the head up, gravity increases transmitral flow velocities. 47 The opposite effects on preload of microgravity versus head-up position on earth show the vulnerability of ventricular preload to gravity, and hence, by extrapolation, to the cranial versus caudal location of the atria. This contrast supports the hypothesis that ascent of the atria is an adaptation to capture the beneficial effect of gravity for the passive movement into the heart of the systemic and pulmonary venous return. Without gravity, nature's finely crafted system to provide preload falls apart.
Another Hypothesis
Another proposal for the teleology of the ventricular U-turn loops has been advanced. 38 The anatomic restraints of the ventricular loop redirect blood out the LVOT in late diastole and isovolumic systole so that when ejection subsequently begins, blood is already moving toward the aortic valve, thus preserving its momentum. Our hypothesis for the loop's origin does not exclude operation of this explanation; however, its proposed benefit to substantially preserve momentum and energy has been questioned. 54 The helical deformation of the embryonic heart tube, which generates the ventricular U-turn loop, is, furthermore, suspected to act as the base for the development of the helical myocardial band of Torrent-Guasp that envelops both ventricles in a continuous helical muscle band. 55 However, Manner has pointed out that the helical configuration of the S-shaped embryonic heart loop cannot be related to the spatial configuration of Torrent-Guasp's helical band. In addition, a study in situs-inversus hearts showed that the helical orientation of ventricular muscle fibers does not depend on the handedness (solitus or inversus) of the hearts, which is determined during C-looping. 56, 57 
Conclusions
The S-looping of the tubular embryonic heart with ascent of the atria brings them into their approximate final position dorsal and cranial to the primordial ventricles, forming the ventricular U-turn loop. Although inherently a conjectural endeavor, we propose explanations why evolutionary pressures have determined this location for the atria, all of which are a response to life in a strong gravitational field. First, if the confluence of the vena cavas was in a caudal location, blood returning from the brain and upper torso would have to be pumped or suctioned actively backward from this caudal confluence to the right ventricle. In contrast, in their craniodorsal location, the atria are in a position to harness gravity to fill their respective ventricles. On the left side, the low-pressure pulmonary venous return, which protects the pulmonary capillaries, is poised in early diastole to flow passively into the LV, as opposed to requiring energy to overcome gravity. On the right side, although the legs have an active pumping mechanism to return blood to the heart, such a mechanism is not present for the upper torso and brain. Evolutionary pressures, resulting in placement of the right atria above the ventricle (and not caudal to it), promote passive emptying of the brain. As an evolutionary adaptation, ascent of the atria, and thus the ventricular U-turn loop, ensures adequate preload without the expense of energy. This may particularly provide efficiency during periods of high heart rate or threat. The loop's principle liability is its vulnerability to genetic and acquired anatomic perturbations, rendering it vulnerable to LV outflow obstruction because of an overlap between LV ejection flow and the mitral valve. A nuanced understanding of why the loop has developed, how failure of the loop can emerge in patients, and how its failure causes LVOT obstruction should promote better treatments. When septal reduction therapy is clinically necessary, separation of the inflow and outflow portions of the LV results in the best resolution of LVOT obstruction.
